Increased displacement rates have been observed following manylarge earthquakes and magmatic events. Although an order of magnitude smaller than the displacements associated with the main event, the post-seismic or post-rifting deformation may continue for years to decades after the initial earthquake or dyke intrusion. Due to the rare occurrence of subaerial rifting events, there are very few observations to constrain models of post-rifting deformation. In 2005 September, a 60-km-long dyke was intruded along the Dabbahu segment of the Nubia-Arabia Plate boundary (Afar, Ethiopia), marking the beginning of an ongoing rifting episode. Continued activity has been monitored using satellite radar interferometry and data from global positioning system instruments deployed around the rift in response to the initial intrusion. Using multiple satellite passes, we are able to separate the rift perpendicular and vertical displacement fields around the Dabbahu segment. Rift perpendicular and vertical rates of up to 180 and 240 mm yr −1 , respectively. Here, we show that models of viscoelastic relaxation alone are insufficient to reproduce the observed deformation field and that a large portion of the observed signal is related to the movement of magma within the rift segment. Our models suggest upper mantle viscosities of 10 18−19 Pa s overlain by an elastic crust of between 15 and 30 km. To fit the observations, inflation and deflation of magma chambers in the centre of the rift and to the south east of the rift axis is required at rates of ∼0.13 and −0.08 km 3 yr −1 .
INTRODUCTION
Oceanic lithosphere, which covers over two-thirds of the Earth's surface, is formed at mid-ocean ridges through the upwelling of hot mantle rocks which ascend to fill the gap between separating tectonic plates. Despite the large proportion of the Earth covered by oceanic lithosphere our understanding of the processes involved in oceanic rifting is constrained by a few, albeit well documented, episodes along segments of the Juan de Fuca ridge (e.g. Dziak et al. 1995 Dziak et al. , 2007 , East Pacific Rise (e.g. Tolstoy et al. 2006; Dziak et al. 2009 ) and Mid-Atlantic Ridge (e.g. Tolstoy et al. 2001; Dziak et al. 2004) . However, subaerial rifting episodes provide the rare opportunity to examine the tectonic and magmatic processes at mid-ocean ridges without the use of submersible instruments Wright et al. (2012) . The most recent known examples occurred at Krafla in north Iceland (Einarsson & Brandsdóttir 1980; Tryggvason 1984; Bucket al. 2006) , in the Asal rift (Republic of Djibouti; Abdallah et al. 1979; Cattin et al. 2005a; V i g n yet al. 2007 ) and most recently the Dabbahu rifting episode in central Afar (Ethiopia, Fig. 1 ; Wright et al. 2006; A y e l eet al. 2009; Hamling et al. 2009; Ebinger et al. 2010; Grandin et al. 2010a,b; Hamling et al. 2010) .
Increased displacement rates have been observed following many large earthquakes and magmatic events. Although an order of magnitude smaller than the displacements associated with the main event, the post-seismic or post-rifting deformation may continue for years to decades after the initial earthquake or dyke intrusion. Following the Krafla and Asal rifting episodes horizontal displacements were ∼3 times larger than the time-averaged spreading rates between 1987 and 1990 at Krafla and between 1979 and 1985 at Asal (Hofton & Foulger 1996b; Cattin et al. 2005b ). In the years following the Krafla rifting episode, a number of global positioning system (GPS) surveys were conducted to measure the post-rifting deformation. A network of 40 GPS sites, concentrated within the Krafla volcanic system but extending 130 km onto the neighbouring plates, was measured in 1987 and remeasured in 1990. Over this period, the observed increase in the extension rate was explained by transient post-rifting stress relaxation (Foulger et al. 1992) . There have been a number of attempts to model the stress relaxation signal following the Krafla rifting event using the GPS-derived deformation field (Foulger et al. 1992; Hofton & Foulger 1996a,b; Pollitz & Sacks 1996) and more recently using the deformation observed by satellite radar interferometry (InSAR; de Zeeuw-van Dalfsen et al. 2004) . A model of post-rifting deformation following the Asal rifting episode by (Cattin et al. 2005b ) incorporated the effect of regional stretching, viscous relaxation, magma intrusion and fault creep to describe rifting processes and concluded that post-rift dyke opening was responsible for most of the observed deformation. Modelling efforts have considered both viscous (Foulger et al. 1992 ) and viscoelastic (Hofton & Foulger 1996a,b) rheologies as well as models based solely on of the movement of magma (de Zeeuw-van Dalfsen et al. 2004; Ali et al. 2010) . Viscoelastic models suggest that relaxation there occurred under a ∼10-km-thick crustal lid in a mantle with a viscosity of 1-3 × 10 18 Pa s (e.g. Hofton & Foulger 1996a,b) . The ongoing Dabbahu rifting episode began in 2005 September when a ∼60-km-long dyke was intruded along the entire length of the Dabbahu magmatic segment (Northern Manda-Hararo; Wright et al. 2006; A y eleet al. 2009; Hamling et al. 2009; Ebinger et al. 2010; Grandin et al. 2010a,b; Hamling et al. 2010) . Since the initial ∼2.5 km 3 dyke intrusion, a further 13 discrete dykes have been detected along the Dabbahu rift segment injecting an additional ∼1km 3 of new material Grandin et al. 2010b; Belachew et al. 2011 ). Analysis of InSAR and seismicity data indicate that the 2005 dyke was fed from shallow chambers beneath two volcanoes at the northern end of the segment, Dabbahu and Gabho, and a deeper reservoir at Ado'Ale near the segment centre (Wright et al. 2006; A yeleet al. 2009 ). All of the intrusions emplaced following the 2005 September intrusion, between 2006 June and 2010 May, have been fed from Ado'Ale (Grandin et al. 2010b; Hamling et al. 2010; Belachew et al. 2011) . To date, models of the post-rifting deformation following the Dabbahu rifting episode have been either driven entirely by magmatic processes (Grandin et al. 2010b) or entirely by viscoelastic relaxation (Nooner et al. 2009 ). Here, we use InSAR observations acquired routinely following the 2005 September rifting events and GPS data collected at continuous sites in the vicinity of the Dabbahu rift to show that viscoelastic relaxation alone is insufficient to explain the observations and present a model that incorporates both magmatic sources and viscoelastic relaxation.
METHODS

InSAR data analysis
InSAR is a widely used technique for monitoring deformation of the Earth's surface. By differencing the phase from two radar images acquired at different times, maps of range change between the radar and ground can be obtained with millimetric precision and centemetric accuracy (Massonnet & Feigl 1998) . Following the 2005 September rifting episode regular ASAR (advanced synthetic aperture radar) images have been acquired over the Dabbahu magmatic segment using ESA's Envisat satellite. We use 39 images collected on ascending track 300, to produce 38 interferograms, and 27 images on descending track 464 producing 26 interferograms (Fig. 2) . All of the interferograms have been processed using the JPL/Caltech ROI PAC software (Rosen et al. 2004) . Topographic corrections were made using a 3 arc-second (90 m) digital elevation model generated by the NASA Shuttle Radar Topography Mission (Farr & Kobrick 2000) . Interferograms were filtered using a power spectrum filter (Goldstein & Werner 1998) and unwrapped using the branch cut algorithm (Goldstein et al. 1988) . The unwrapped interferograms were checked for any unwrapping errors and corrected where necessary. In cases where ambiguities could not be reliably determined, we deleted the ambiguous phase from the unwrapped interferograms.
Using ascending and descending data, which cover the Dabbahu rift segment, we compute two displacement time-series. A total of 64 interferograms were used in the analysis. Before computing the time-series, all of the interferograms have been resampled to give 360 m pixels to reduce the number of data points for the inversion. The first acquisition on track 300 taken after the 2005 September dyke intrusion was on 2005 December 19. Additional images were, in general, acquired every 35 d giving a total of 38 interferograms from 39 epochs between 
InSAR analysis of post-rifting deformation in Afar
In a first step, we calculate the surface displacement at each time step, for both ascending and descending data, relative to the first epoch such that:
where p is a vector containing the phase value for each interferogram at each coherent pixel, T is a matrix containing the time-spans for each of the interferograms and d los is the velocity between each epoch which, multiplied by the time interval gives the displacement at each epoch. The inversion is weighted using a variance-covariance matrix (VCM) accounting for atmospheric noise in each interferogram and the correlation between them (Biggs et al. 2007) . To reduce the effects of the atmosphere, many InSAR studies incorporate a smoothing constraint into the inversion (e.g. Schmidt & Burgmann 2003) . This, however, is based on the assumption that the deformation is smooth through time. In this study, where there have been a number of additional dyking events Ebinger et al. 2010; Grandin et al. 2010a,b; Hamling et al. 2010) , the assumption of steady state deformation breaks down. If smoothing were applied, any offset caused by a dyke intrusion would be smoothed between the epochs on either side of the intrusion event. Therefore, we perform the temporal adjustment without any smoothing.
Comparison with GPS displacements
To validate the results from the InSAR time-series analysis we compare the displacements from InSAR data with those derived from GPS. For each of the GPS stations shown in Fig. 1 we convert the displacements into the satellites line-of-site and extract the displacement from the InSAR time-series at pixels co-located with, or near by, each of the GPS stations. The rms misfit between the displacements calculated by InSAR and GPS is less than 30 mm (Table 1 ) and, with the exception of pixels on the two northern volcanoes, show an approximately linear displacement with time, consistent with the GPS. Some differences between the InSAR and GPS will arise due to the difference in the reference point and any residual orbital errors in the InSAR data. All of the GPS displacements are calculated with respect to stable Nubia. The InSAR displacements on the other hand are relative to a reference pixel within the interferometric scene.
Estimating background displacement rate from InSAR
In order to determine the background displacement rate around the Dabbahu rift, associated with the 2005 intrusion, we need to take into account the 13 smaller dyke intrusions emplaced following the initial intrusion. Initially, we solve for a single displacement rate and static offsets in the displacement time-series to account for each of the dyke intrusions. However, both the InSAR and GPS displacements suggest that there is a change in the displacement rate in 2006 April (Fig. 3 ). The change is most notable at GPS in the vicinity of Ado'Ale, whose displacement becomes more perpendicular to the rift after 2006 April (Fig. 3) . The change may be the result of a decrease in the inflation at Ado'Ale and/or a switch from predominantly magmatic deformation in the early stages after the 2005 September dyke to viscoelastic relaxation. By solving for two displacement rates find we that the rms misfit is reduced by up to 50 per cent for both the ascending and descending tracks. Therefore, the displacement, at each pixel, at time t is then given by
where u t is the displacement at time t, r 1 is the displacement rate before 2006 April, t 0 is the date of the 1st acquisition. H is a heaviside step function, di is an offset to account for each of the ith dyke intrusions at time t di , r 2 is the displacement rate after 2006 April, and t r 1 is the reference time of the 1st acquisition after the rate change. The inversion is weighted using the data VCM, , such that
where the design matrix, A, contains the times relating to the different displacement rate intervals and steps relating to each of the subsequent dyke intrusions and b is a matrix containing the displacements at each pixel for each epoch.
The results of the inversion are plotted in Figs 4-6. The spatial pattern of deformation is similar in both intervals with peak displacement rates occurring in the centre and to the southeast of the rift segment (Fig. 4) . In the ascending track, prior to the change in the displacement rate, rapid inflation was observed at Gabho at a rate of ∼40 cm yr −1 in the satellite's line-of-sight. Pixels located close to Ado'Ale, where both uplift and westward motion was observed, show displacement rates of ∼45 cm yr −1 while to the southeast a broad (∼30 km) zone was subsiding at a rate of ∼25 cm yr −1 . Far-field velocities at pixels co-located with GPS stations DA25, DAFT and DA60 all show movement away from the satellite during the first interval. The formal 1-σ uncertainty for the ratemap are 9.9 mm yr −1 and 9.8 mm yr −1 for the first and second intervals, respectively, with errors of ∼8 mm for each of the steps associated with the dyke intrusions. The loss of coherence in the later time intervals, especially in the vicinity and to the west of the rift axis, is a result of the 2006 June dyke intrusion. Unfortunately, due to the acquisition dates on decending track 464, we cannot solve for the displacement rate prior to the change in 2006 April. After 2006 April, peak displacement rates in the near field slow to ∼20 cm yr −1 (e.g. SADA, Fig. 4 ), similarly the rate of subsidence in the southeast also decreases to ∼14 cm yr −1 . Conversely, pixels away from the rift axis show an increased displacement rate, consistent with GPS observations, at rates of between ∼3.5 and 1.4 cm yr −1 at points located 25 (DA25) and 45 km (DA45) away from the 2005 September dyke plane, respectively. As with the ascending track, the displacement time-series for the descending track is consistent with GPS (Table 1) . Peak displacement rates are found close to the rift axis near the Ado'Ale volcanic complex. The formal 1 − σ uncertainty for the displacement rate is 12.2 mm yr −1 . In addition to the large displacement rates observed around the rift axis, the additional dyke intrusions have resulted in large displacements along the southern section of the rift segment (Figs 5 and 6). Individual intrusions result in offsets of up to ∼750 mm (Fig. 5) , summing all of the intrusions gives a maximum displacement of ∼2400 and ∼2800 mm in the vicinity of Ado'Ale on tracks 300 and 464, respectively. The amount of deformation, as a result of these intrusions, is considerable. Although individually, these intrusions are small relative to the 2005 September event their combined post-dyking deformation may be large. An earlier study by Nooner et al. (2009) 
Separating horizontal and vertical deformations
To ease interpretation of the data, we reproject the ascending and descending range change rates, r a,d , into equivalent rift-perpendicular, u r⊥ , and vertical components, u z . To do this, we assume that there are no displacements parallel to the rift and solve the following equation using a least squares inversion, weighted using the inverse of the VCM constructed from the errors for the individual displacement rates on the ascending and descending data sets:
whereŝ x ,ŝ y andŝ z are the three components of the unit vector pointing from the ground to the satellite for the ascending ( a ) and descending ( d ) orbits, and θ s is the angle between the rift segment and north (∼25 • ). The horizontal and vertical components of the deformation can only be retrieved for pixels that are coherent in both ascending and descending data sets. Because of the northward motion shown in the GPS data before 2006 April, we only use data acquired after this time. The calculated displacement rates represent the total rift perpendicular and vertical rates, assuming the linear rates calculated earlier for this interval with all of the dyking events removed, between 2005 May and 2010 February relative to a reference pixel in the south west of the scene. In a final step, we compare GPS measurements recorded over the same interval with the InSAR derived vertical and rift perpendicular rates. For the rift perpendicular displacements, a good agreement is found between InSAR and GPS without adjustment, with all of the co-located GPS displacements falling within the error bounds of the InSAR rates (9 mm yr −1 ). In the vertical, we find a large difference between the GPS and InSAR. This is likely a result of the difference in reference frame, the GPS are referenced to stable Nubia while the InSAR displacements are relative to a pixel in the southwest of the rift segment. Additionally, any rift parallel displacements will be mapped into the calculated vertical displacement. To account for the difference, we solve for the best fitting offset between the GPS and InSAR data (Fig. 7) . After applying the correction, an offset of 59 mm, we find that the rms difference between GPS and InSAR vertical displacement ratesisreducedfrom61to14mmyr −1 (Fig. 7) . Deformation is concentrated around the rift segment with the largest displacements occurring in the vicinity of Ado'Ale. Rift perpendicular displacement rates range from ∼135 mm yr −1 ± 17 west of the rift axis to ∼180 mm yr −1 ± 17 in the east with peak displacement rates occurring ∼20 km from the rift axis (Fig. 8) as shown by Wright et al. (2012) . Horizontal rates north of Ado'Ale are generally smaller with ∼20-30 mm yr −1 observed over the observation period. Uplift is observed along most of the rift segment over a broad ∼50 km zone. A peak displacement rate of ∼240 mm yr −1 ± 9 is observed around Ado'Ale and, to the southeast of the segment, subsidence rates of approximately 80 mm yr −1 are observed (Fig. 8) . However, due to the viewing geometry of the descending track this mostly falls outside of the scene. North of Ado'Ale there uplift along the rift axis is observed with maximum displacement rates of 100 mm yr −1 . Uplift is also observed at Gabho and Dabbahu volcanoes at rates of ∼70 and 150 mm yr −1 , respectively.
MODELLING OF POST-RIFTING DEFORMATION IN AFAR
We use a two-layered, semi-analytic, elastic-viscoelastic model (Fukahata & Matsu'ura 2005 Hashima et al. 2008) . The code computes the viscoelastic deformation resulting from a finite rectangular dislocation. Each layer is assumed to be isotropic, homogeneous and either elastic or viscoelastic with the viscoelastic rheology being Maxwell in shear and elastic in bulk.
Model configuration
We use two source models. Each is composed of six 10 km segments extending from 1 to 9 km depth, based on the mean opening along the 2005 September dyke given by Wright et al. (2006) , Hamling et al. (2010)( F i g .9) , but the second model also includes Mogi sources to represent known magmatic bodies around the rift axis. For all of the model calculations we use the depth averaged elastic parameters derived from seismic and gravity data (Makris & Ginzburg 1987; Tiberi et al. 2005 ,T able2) for both the elastic and viscoelastic layers. Using the parameters shown in Table 2 and the opening distribution shown in Fig. 9 , we generate a set of forward models with different elastic lid thicknesses (10-30 km) and viscosities ( displacements by calculating the root mean square misfit 1, 2 and 3.5 yr after the change in rate in 2006 April. First, we assume that all of the observed deformation is a result of viscoelastic relaxation with no magmatic contribution. To find the best fitting model we calculate the total misfit by summing the misfits for the rift perpendicular and vertical displacements with equal weight (Fig. 10) . For the rift perpendicular displacements there is strong trade-off between lid thickness and viscosity. Similar misfits are found with either a thick lid (19-30 km) and a lower viscosity (10 18 Pa s) or a thin lid (10-13 km) with a higher viscosity of 10 18.5
Pa s. For all times, we find a best fitting viscosity of 10 18 Pa s for the vertical displacements. However, the thickness of the elastic lid is poorly constrained with thicknesses of 23-30 km giving similar misfits.
The residual plots shown in Fig. 11 , taken after 3.5 yr, highlight a number of deforming areas around the rift segment which cannot be explained by this simple viscoelastic model (elastic lid-21 km, viscosity-10 18 Pa s). Rift perpendicular displacements are underestimated close to Ado'Ale and to the north and south of the rift segment. The vertical displacements are also, in general, underestimated. Large residuals occur around the Ado'Ale volcanic complex, to the southeast of the rift segment and to the west of the rift axis in the far field.
To improve the fit to the data, and to account for the various magmatic sources located around the rift segment, we next include an inversion for four sources beneath Gabho, Dabbahu, Ado'Ale and to the south east of the segment (Mogi 1958) . First, we subtract each of the viscoelastic models, shown in Fig. 10 , away from the data. We then use the residuals to invert for the volume changes at each of the sources. The depth of the sources beneath Gabho, Dabbahu and Ado'Ale have been fixed at 4, 4 and 10 km as suggested by previous studies (e.g. Wright et al. 2006; Grandin et al. 2009; Hamling et al. 2009 ). For source to the south east of the segment, we vary the depth between 15 and 25 km and assess the rms misfit at each depth interval. The minimum misfit is found at 17 km. With the depth of each source fixed, the change in volume, at each source, can be determined by performing a simple least-squares inversion. Once the volume of the sources is found we remove the magmatic deformation from the data and recalculate the viscoelastic model. This process, of removing the viscoelastic and magmatic components, is repeated until the solution converges. As before, we assess the rms misfit for the rift perpendicular, vertical displacements and the total misfit after 1, 2 and 3.5 yr (Fig. 12) . The best fitting model is found with an elastic lid thickness of between 15 and 30 km and a viscosity of 10 18.5 . Our inversion finds volume changes of 0.13 and −0.08 km 3 yr −1 at Ado'Ale and at the source to the south east and 0.0063 and 0.0020 km 3 at Dabbahu and Gabho. This gives an rms misfit of 97, 95 and 192 mm to the rift perpendicular, vertical and total displacements, respectively, after 3.5 yr.
Despite the improved fit to the data there are still large differences after inclusion of the magmatic sources (Fig. 13) . In general, the model is able to approximate the wavelength of the rift perpendicular displacements (A-A ′ and B-B ′ in Fig. 13 ). Residuals are found to the north of Dabbahu and Gabho although this signal may not be related to deformation around the rift segment. In the vertical component, there are large differences between the modelled and observed displacements. Even with the addition of the magmatic sources, the model predicts subsidence in the farfield while both InSAR and GPS observations show uplift in this region. As a consequence, the modelled displacements associated with the inflation around Ado'Ale are too large and the model requires a thick lid in order to reduce the amount of subsidence away from the rift axis (B-B ′ ).
DISCUSSION
The pattern of deformation around the Dabbahu segment, observed following the 2005 September rifting event, shows a number of features which cannot be explained by viscoelasticity alone. Ignoring the magmatic sources around the rift segment, the best fitting model suggests an elastic lid thickness of 21 km, similar to direct estimates of Moho depth (16-18 km) in central Afar (Dugda et al. 2005; Hammond et al. 2008 , 2009) but much larger than the depth of seismicity and dyke intrusions along the rift segment (Belachew et al. 2011) . Despite the improved fit to the data there are still differences after inclusion of the magmatic sources (Fig. 13) . In general, the model is able to approximate the wavelength of the rift perpendicular displacements (A-A ′ and B-B ′ in Fig. 13 ). Residuals are found in the centre of the rift axis close to the Ado'Ale complex, where the model overestimates the deformation. Residuals to the north of Dabbahu and Gabho and to the south of the segment may not be related to the deformation around the rift segment. In the vertical deformation field, there are large differences between the modelled and observed displacements. Even with the addition of the magmatic sources, the model predicts subsidence in the farfield whilst both InSAR and GPS observations show uplift in this region (Fig. 14) . As a consequence, the best-fit model probably overestimates the deformation associated with the inflation around Ado'Ale and suggests a thick lid in order to reduce the amount of subsidence away from the rift axis (B-B ′ ). If we fix the amount of inflation at Ado'Ale to equal to the amount of magma which is removed from the source to the south east of the segment (0.27 km 3 ), then the residual in the vertical signal, in the vicinity of Ado'Ale, is reduced. However, this has the opposite affect on the rift perpendicular residuals that increase around the Ado'Ale complex. In this model, we do not consider the effect of using a viscoelastic rheology for the post-rifting deformation with an elastic half-space for the point source models. (Bonafede & Ferrari 2009) likely been fed, at least partially, by magma from the source at Ado'Ale it is reasonable to assume that there has been continued movement of material at the sources around the rift. Assuming that the magma is supplied at a constant rate, (Bonafede & Ferrari 2009) show that the surface displacement is only weakly dependent on the rheology. In this case, the difference between the surface displacements given by a point source in an elastic half-space and one in a viscoelastic medium would be small.
Despite the simple nature of our source model, we are able to explain the broad patterns of deformation around the rift segment. Some of the differences between our best fit model and the observations will be a result of the simple dyke source we use to represent the 2005 September intrusion. Our model, largely based on the Wright et al. (2006) result, has lower amounts of opening along the central and southern sections of the rift compared with the models of Grandin et al. (2009 Grandin et al. ( )andA yeleet al. (2007 . By increasing the amount of opening in this region by 2 m, we find that there is very little effect to the viscoelastic response over the observational period. After 4 yr the difference in the peak displacement is 4 mm and we find that the best fit solution gives the same range of viscosities and lid thicknesses. All of the reported opening models for the September intrusion are a result of the inversion of InSAR data and will include a proportion of post-dyke opening. Therefore, we feel that given the errors in the published source distributions, using a model with lower opening is a reasonable estimate of the 2005 September intrusion. This model also assumes uniform opening from 1 to 9 km depth. Published models (Wright et al. 2006; Grandin et al. 2009, e.g.) show that most of the dyke opening occurred in this range but use a smoothing parameter which acts to taper the opening distribution with depth. However, since the dyke is buried within the elastic halfspace, the effect on the surface displacements caused by tapering of the opening distribution should be minimal. By conserving the same average opening across a segment, but with the distribution tapered such that the maximum opening is at 5 km depth, we find that the difference in the viscoelastic response over 4 yr, assuming our best fit model parameters, is only 2 per cent.
A notable feature of the inversion is that the best fitting models to the horizontal and vertical displacements do not agree. Using only the rift perpendicular displacements results in a thinner elastic lid (∼13 km), similar to that reported by Nooner et al. (2009) who modelled horizontal displacements measured by GPS. Also, the predicted volume change at the off axis source is only 10 per cent of that predicted when the vertical deformation is included. Although the model is unable to constrain the elastic thickness when the vertical deformation is included, it does give a lower limit on the thickness of the elastic lid as the magnitude of the uplift along the rift zone strongly depends on the thickness of the lid. In order to generate uplift along the rift axis from viscoelastic relaxation, the thickness of the elastic lid must be at least 12 km. Even after including the magmatic sources, the elastic thickness predicted by this model remains substantially larger than previous estimates (e.g. Nooner et al. 2009; Belachew et al. 2011) but is poorly constrained. The best fitting viscosity of 10 18.5 Pa s, on the other hand, is in agreement with estimates from other subaerial rift segments (Foulger et al. 1992; Hofton & Foulger 1996a,b; Pollitz & Sacks 1996; Nooner et al. 2009; Pagliet al. 2009 ). Furthermore, the fact that the deformation around the rift segment appears to be linear, at least in the early stages following rifting, requires that the viscosity in the model is larger than 10 18 Pa s. Below this value there is a large departure from a constant displacement rate (Fig. 14) .
Models of continued dyke opening have also been proposed to explain the deformation following major rifting events (de Zeeuw-van Dalfsen et al. 2004; Cattin et al. 2005b; Grandin et al. 2010b) . This model was discounted by Nooner et al. (2009) as dyke opening would need to occur in the upper mantle to match the observed long wavelength regional post-rifting deformation signal. Grandin et al. (2010b) suggest that dyke opening at depths greater than the brittle crustal can occur providing there is sufficient magma to accommodate the tectonic strain. A major difference between the viscoelastic and continued dyke opening models is that the continued opening model predicts subsidence over the dyke with uplift occurring on the flanks of the intrusion. Our analysis suggests that there is uplift along the entire rift axis and, as such, does not support the idea of continued dyking at depth. The asymmetry in the across axis profiles (A-A ′ to B-B ′ ) shown in Fig. 13 suggest that the uplift observed in the farfield does not have the same extent on the eastern edge of the segment. A magnetotelluric survey across the central part of the rift suggests that there is a broad, ∼15-20 km, region of conductive material extending to the west of the rift axis beneath this region which could be the cause of the uplift in this region Desissa et al. (2009) . Given that the horizontal displacements seem to be largely unaffected by the body, it is more likely to be a tabular source such as a sill or, perhaps, underplating of melt.
CONCLUSIONS
Using ascending and descending InSAR data, we have calculated the background rift perpendicular and vertical displacement rates resulting from the 2005 September dyke intrusion. The InSAR derived displacements are similar to those given by GPS and suggest that, with the exception of the first 6 months, the inter-dyking surface displacements during the first few years of the post-rifting cycle are near linear. data suggest that a large amount of the deformation around the Dabbahu rift segment is related to viscoelastic relaxation and the accumulation of magma beneath the rift axis, this is still only a fraction of that from repeated dyke intrusions along the segment (Fig. 15) . Separation of the dyke and non-dyke related displacements indicates that much of the deformation, observed since the 2005 September event, is a result of additional dyke intrusions in the vicinity and to the south of the Ado'Ale volcanic complex. In order to identify the transition from magmatically dominated to viscoelastic deformation, we require a longer observational period and the development of more complex models which can better account for magmatic and viscoelastic processes.
